The aim of this study was to understand the androgen-related factors which may regulate concentrations of the tumour marker, prostate-specific antigen (PSA). We therefore measured the serum concentrations of total and free testosterone and of sex hormone-binding globulin (SHBG) and determined the androgen receptor (AR) gene CAG repeat length, then compared these values to total and free PSA concentrations in 91 subjects with proven fertility, and 112 subfertile men with defective spermatogenesis. Concentrations of free testosterone and total testosterone, adjusted for SHBG, were 17-20% lower in subfertile men compared with those in their fertile counterparts. This subtle, but highly significant (P < 0.001), difference in testosterone between fertile and subfertile men was accentuated by the positive correlation between testosterone and AR gene CAG repeat length in fertile, but not subfertile, subjects. In subfertile subjects, testosterone strongly correlated (r ⍧ 0.354, P < 0.001) with PSA concentrations, and independent of testosterone, total PSA negatively correlated (r ⍧ -0.229, P ⍧ 0.011) with AR CAG length. Overall our data suggest that, firstly, PSA correlates with testosterone only in an environment of relatively low androgenicity, such as in subfertile men. Secondly, in such a low androgenic environment, short CAG tracts (associated with high AR activity) correlate positively with PSA concentrations. These results suggest that interpretation of PSA is best made in conjunction with testosterone concentrations and AR CAG length.
Introduction
Androgen action is the sum effect of bioactive androgens and the intrinsic responsiveness of the androgen receptor (AR) in target cells. The major circulating androgen in males is testosterone and Ͼ98% of testosterone molecules are bound to proteins in the blood, principally to sex hormone-binding globulin (SHBG) and also to albumin and cortisol-binding globulin. It is assumed that bound hormones cannot exit blood capillaries and are therefore not bio-available, and so SHBG concentrations are commonly measured as a supplement to total testosterone determinations (Cunningham et al., 1985) . The measurement of unbound free testosterone has been proposed as a better measure of bio-active testosterone (Hayes, 2000) . Free testosterone, on diffusing through the cell membrane, binds specifically to the AR in the cytoplasm causing nuclear translocation of the receptor. In the nucleus, the ARandrogen complexes bind to the genomic DNA of promoters containing androgen response elements, thereby switching on androgen-regulated genes.
All androgens act on a single AR which is encoded by the X-linked AR gene. Within the transactivation domain of the AR gene is a polymorphic tract composed of 11 to 35 repeats of the codon, CAG. The length of this CAG tract, encoding a polyglutamine stretch, has been shown to be inversely related to the function of the AR gene in vitro. Thus, shorter CAG tracts are associated with increased AR activity in reporter gene studies, a phenomenon attributed either to higher intrinsic activity (Mhatre et al., 1993; Chamberlain et al., 1994; Tut et al., 1997) and/or to increased expression of the short form of AR protein (Choong et al., 1996) . Short AR CAG tracts are associated with earlier age of onset (Hardy et al., 1996) , and increased severity (Giovannucci et al., 1997) , of the androgendependent tumour, prostate cancer. Conversely, recent studies have indicated that long CAG tracts are associated with reduced AR activity in vitro and in vivo. Thus, pathological expansion beyond the polymorphic range (Ͼ40 CAG) results in a fatal neuromuscular disease, spinal bulbal muscular atrophy (La Spada et al., 1991) , a condition associated with reduced virilization and low sperm counts. Subsequent studies in Chinese (Tut et al., 1997) , Australian (Downsing et al., 1999) and USA (Mifsud et al., 2001) populations indicated that long CAG tracts, while remaining in the polymorphic range, are associated with severely depressed spermatogenesis and male infertility. These findings validate the concept that AR function is inversely regulated by the length of its CAG repeat tract.
Prostate cancer is the most diagnosed malignant tumour and the second leading cause of cancer-related deaths in American men (Boring et al., 1994) . Androgens are required for normal development of the prostate, as well as for its neoplastic transformation. The AR regulates transcription of prostatespecific antigen (PSA), a single chain glycoprotein enzyme (serine protease) that is present in urine, seminal plasma, and serum (Polascik et al., 1999) . Serum PSA concentrations are a common oncogenic marker for prostate cancer since they parallel oncogenic growth in the initial androgen-dependent phase and in early stages of the androgen-independent phases of the tumour. Despite the widespread clinical use of PSA as a tumour marker, the relationship between androgen action and PSA concentrations in men without prostate hyperplasia or cancer remains unclear. It is therefore of public health interest to determine how variations in PSA concentrations in healthy men are affected by changes in SHBG, AR CAG polymorphisms and bioavailable testosterone.
These concerns prompted us to investigate the relationship of testosterone, SHBG and AR CAG polymorphisms with PSA concentrations in a large population of normal men with no known prostatic disease. Our subjects included subfertile men with depressed spermatogenesis because previous studies (Tut et al., 1997; Downsing et al., 1999; Mifsud et al., 2001) indicate that they are likely to have longer CAG tracts and therefore lower AR androgenicity. Our finding that these subfertile men also have significantly lower testosterone concentrations compared to their fertile counterparts, allowed us to examine the relationship of androgen action to PSA concentrations, in two steady-state environments of normal and below-normal concentrations of testosterone.
Materials and methods

Study population
Subfertile males were recruited from the infertility and andrology clinics of the National University Hospital, Singapore. A complete history and physical examination were performed, and the use of any medications or previous surgery was recorded. Patients who had prostatic disease, chromosomal abnormalities, hypopituitarism, hyperprolactinaemia, undescended testes, obstructive syndromes of the genital tract, and hypogonadism secondary to surgery, trauma, or chemotherapy were excluded from this study. Sperm parameters were assessed according to standard criteria (World Health Organization, 1999) and were the mean of at least two analyses carried out 3 months apart. Azoospermia was defined as the absence of any spermatozoa despite centrifugation of the semen specimen, severe oligozoospermia was sperm concentration Ͻ5ϫ10 6 /ml, and oligozoospermia defined as the mean sperm concentration being Ͻ20ϫ10 6 /ml. Control subjects were men of proven fertility with no previous infertility history or treatment, and without any genetic disease. Ethical committee approval was received and informed consent was obtained from all subjects 1008 and controls. Venous blood was collected from all subjects. DNA was extracted from peripheral leukocytes and serum stored at -20°C for subsequent hormonal analyses.
Hormonal analysis
Total and free testosterone, SHBG, total and free PSA were measured. Assays for each parameter were performed in one batch to reduce interassay variability.
Free testosterone was measured with the Coat-A-Count free testosterone solid phase 125 I radioimmunoassay (Diagnostic Products Corp., Los Angeles, CA, USA). 125 I-labelled testosterone analogue competed for a fixed time with free testosterone in the patient sample for binding to a testosterone-specific antibody immobilized to the wall of a polypropylene tube. The tube was then decanted and the antibody-bound fraction was isolated and counted in a gamma counter. The amount of free testosterone was interpolated from a standard curve calibrated in free testosterone concentrations, and was not calculated as a function of total testosterone and SHBG. In this respect, it differed from conventional equilibrium dialysis methods and from testosterone free index determinations.
Total testosterone, total PSA and free PSA were measured by the Architech assay systems (Abbott Laboratories, Diagnostic Division, Abbott Park, IL, USA) according to manufacturer's instructions. These immunoassays utilized specific antibody-coated paramagnetic microparticles and chemiluminescent technology. The concentrations of total PSA (both free PSA and PSA complexed to alpha-1-antichymotrypsin) and free PSA were measured in a two-step immunoassay.
Concentrations of SHBG were measured with the Immulite SHBG assay (Diagnostic Products Corp.). The assay tube was coated with an alkaline phosphatase-conjugated monoclonal antibody specific for SHBG. The chemiluminescent substrate, a phosphate ester of adamantyl phosphate, underwent hydrolysis in the presence of alkaline phosphatase enzyme. Emission of light was proportional to the concentration of SHBG in the sample. The sensitivity of the assay was of 0.2 nmol/l.
For all the tests mentioned above, the inter-and intra-assay coefficients of variation were Ͻ15%.
Determination of the number of CAG repeats
The number of CAG repeats in the AR gene was determined by automated GeneScan analyses following a previously described protocol (Mifsud et al., 2000) . Briefly, the AR CAG repeat tract was amplified by PCR using specific primers. The sizes of the samples were analysed on a 377 DNA Sequencer running Genescan 672 software using internal size markers. Some samples were sequenced to gain further accuracy in size determination. These samples of known length were subsequently used in every gel as controls.
Y-chromosome microdeletion screening
Since Y-chromosome microdeletions are associated with impaired spermatogenesis, all samples were screened for genetic deletions with primer pairs specific for the AZFa, AZFb and AZFc regions according to a previously described protocol (Liow et al., 1997) .
Statistical analyses
The mean values of the various parameters studied were calculated and compared between the infertile and fertile group, using a twotailed independent sample t-test. The correlations among variables were analysed using Pearson's correlation coefficients (r) and, when appropriate, adjustments for potentially confounding variables were made by multiple regression analysis. Statistical analyses were performed using SPSS Version 9.01 (SPSS Corp., Chicago, IL, USA) The means Ϯ SE for parameters in fertile (n ϭ 91) and subfertile (n ϭ 112) subjects were compared using the t-test (two-tailed). *Significant differences in free, total testosterone and testosterone/SHBG values between the fertile and subfertile men. PSA ϭ prostate-specific antigen; SHBG ϭ sex hormone-binding antigen.
computer software. Statistical significance was defined as a two-sided P Ͻ 0.05 and data were reported as mean Ϯ SE.
Results
Endocrine parameters important for androgen action and metabolism were measured in 91 subjects with proven fertility, and 112 subfertile men with varying degrees of spermatogenic defects (azoospermic, 29.4%; severe oligospermic, 54.1%; oligospermic, 16.5%). The mean ages for the fertile and subfertile men were 35.57 Ϯ 0.58 and 33.98 Ϯ 0.50 years respectively. The racial composition of both groups were similar, being predominantly of chinese ethnic origin. No Y-chromosomal microdeletions were detected in the 112 subfertile males.
Testosterone is lower in subfertile males
The mean values of PSA (free and total), SHBG, AR CAG repeat lengths, and testosterone (free, total, and corrected for SHBG) between fertile and subfertile males were compared using the two sided t-test (Table I) . Total testosterone, testosterone adjusted for SHBG, and free testosterone were~17-20% lower in subfertile men compared to that in their fertile counterparts. Differences in free testosterone and testosterone/ SHBG were highly significant (P Ͻ 0.001). The frequency distribution of testosterone concentrations in subfertile subjects was shifted to the left with respect to the fertile group, indicating that low testosterone concentrations were a general feature of the subfertile group, and that data were not skewed by a few severely hypogondal patients (Figure 1 ). This relative hypogonadism in subfertile men was not age-related since, on average, subfertile subjects were younger than fertile controls. There was a tendency, not reaching statistical significance, for the AR CAG length to be longer in the subfertile group. No differences in SHBG, or in free and total PSA concentrations were observed between subfertile patients and fertile controls. Free testosterone and total testosterone concentrations were very strongly correlated (P Ͻ 0.0001) in both fertile and subfertile populations, suggesting that use of the more laboratory-friendly total testosterone assay might be sufficient for most purposes.
SHBG is positively correlated with testosterone
Pearson's correlation coefficients were calculated for the factors in the androgen system and their relationships were examined with bivariate analyses. In both fertile and subfertile patients, SHBG concentrations directly correlated with that of testosterone (Tables II and III) . The combined correlation between total testosterone and SHBG, for fertile and subfertile men grouped together, was highly significant (r ϭ 0.546, P Ͻ 0.0019). This was true whether testosterone was expressed as free testosterone or total testosterone. This finding was surprising since androgens, unlike oestrogens, were considered to have an inhibitory effect and thus to be negatively correlated with SHBG (Plymate et al., 1983) . AR CAG repeat length was positively correlated with free testosterone and SHBG in fertile men (P Ͻ 0.05), but not in subfertile patients.
Testosterone, AR CAG repeats, and PSA
Testosterone strongly correlated with PSA concentrations in subfertile men (Table III) . The relationship between testosterone and PSA in subfertile men remained highly significant (P Ͻ 0.001) when testosterone was measured as total or free testosterone, or when total or free PSA was assayed. Since PSA values in normal populations are highly scattered, we calculated the log total PSA and observed that log total PSA and testosterone was tightly correlated (r ϭ 0.356, P Ͻ 0.001). However, in the fertile controls, no relationship between testosterone and PSA was observed (Table II) . There was a negative correlation between AR CAG repeat length and total PSA, or log total PSA, in subfertile patients (r ϭ -0.229, P ϭ 0.011) ( Table III) . The correlation between AR CAG length and PSA was still present after adjusting for testosterone (r ϭ -0.216, P ϭ 0.023), and was thus independent of the effect of testosterone on PSA.
Discussion
One of the most significant observations in this study was that serum testosterone concentrations in subfertile patients were significantly lower than that in fertile controls. It is generally not appreciated that, in terms of testosterone production, the subfertile male population is relatively hypogonadic. While still within normal limits, there was a shift to the left in the frequency distribution of testosterone concentrations in subfertile patients compared with fertile controls. Low testosterone concentrations in infertile men have been reported in a limited number of older studies. Thus, total testosterone was found to be below normal in 32% of 60 men from the USA with oligozoospermia (Check et al., 1995) , and serum concentrations of testosterone, and its metabolite oestradiol, were found to be significantly decreased in infertile Japanese men (Yamamoto et al., 1995) . The cause for low testosterone concentrations in our subfertile men is not clear, but is unlikely to be due to chromosomal abnormalities, hypopituitarism, Figure 1 . Frequency distribution of total testosterone concentrations in fertile and subfertile subjects. Serum total testosterone in each individual was measured and grouped to the closest even value. Fertile men, n ϭ 91; subfertile men, n ϭ 112.
Figure 2. Differences in androgen system between fertile and subfertile subjects. Although testosterone concentrations in fertile and subfertile subjects overlap to some extent, differences in androgen receptor (AR) CAG tract would tend to accentuate the effects of low testosterone (T) in the subfertile group. In this environment of low androgenicity, PSA correlates with testosterone and correlates inversely AR CAG length in subfertile subjects. In contrast, uniformly high androgenicity can be maintained in fertile subjects because low testosterone is associated with increased AR activity, and vice versa. SHBG ϭ sex hormone-binding globulin; PSA ϭ prostate-specific antigen.
hyperprolactinaemia, undescended testes, or hypogonadism secondary to surgery, trauma, or chemotherapy, as these cases were excluded from this study. Y-chromosome microdeletions are also not an aetiological factor. Nevertheless, our large study population, of more than 200 men in total, can be divided into two groups: fertile men with normal concentrations of testosterone, and subfertile patients whose testosterone concentrations were on average 17-20% lower. This finding gave us the opportunity to explore the steady-state effect of normal versus low-normal concentrations of testosterone on SHBG and PSA concentrations.
The place of SHBG in the androgen system is controversial.
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On one hand, it is generally accepted that androgens, unlike oestrogens, reduce SHBG concentrations. Thus, SHBG concentrations are lower in males than in females, and syndromes of hyperandrogenization in females [polycystic ovarian syndrome (PCOS), hirsutism and acne] are associated with decreased SHBG concentrations (Rosenfield, 1971) . Administration of testosterone results in a 2-fold lowering of SHBG in normal and hypogonadal men (Plymate et al., 1983) . On the other hand, concentrations of testosterone and SHBG in males appear to be positively correlated (Carlstrom et al., 1990; Gann et al., 1996) . Furthermore, in-vitro experiments with hepatic cell lines indicate that androgens increase, rather than decrease, the synthesis and secretion of SHBG (Edmunds et al., 1990) . In our study, SHBG concentrations in the serum of both fertile and subfertile men were directly proportionate with testosterone. This has important implications for androgen action since~40% of testosterone is physiologically bound to SHBG, and is therefore not biologically active. The positive correlation of SHBG with testosterone will tend to minimize and moderate the androgenic effects of changing total testosterone in men. Androgen action is further modulated by our finding that AR CAG length correlates directly with free testosterone in fertile men. There is increasing evidence from cellular (Mhatre et al., 1993; Chamberlain et al., 1994; Tut et al., 1997) and human (Irvine et al., 1994; Stanford et al., 1997; Rebbeck et al., 1999) studies that activity of the AR is inversely 1011 regulated by the length of its CAG tract. Thus long AR CAG tracts are associated with moderate to severe undermasculinized genitalia in XY males (Lim et al., 2000) . Although not observed in all populations (Dadze et al., 2000) , depressed spermatogenesis has been associated with long CAG tracts in men from Singapore (Tut et al., 1997) , Australia (Downsing et al., 1999) , Japan (Yoshida et al., 1999) and USA (Mifsud et al., 2001; Patrizio et al., 2001) , sperm production being an exquisitely androgen-dependent process. On the other hand, short CAG tracts are associated with androgen-dependent prostate cancer in Caucasoid (Irvine et al., 1994; Hardy et al., 1996; Giovannucci et al., 1997; Stanford et al., 1997) and Chinese (Hsing et al., 2000) subjects, with PCOS (Mifsud et al., 2000) and with male pattern baldness (Sawaya and Shallta, 1998) . Accordingly, the effect of low testosterone in fertile men would be balanced by the increased activity of the AR associated with shorter CAG tracts and vice versa. Strikingly, no association between testosterone and AR CAG tract was observed in subfertile patients. On the contrary, the AR CAG tracts tended to be longer in our subfertile men, thereby accentuating the effects of low testosterone, contributing to the resultant low androgenicity in these patients.
Although the mechanisms regulating PSA concentrations remain ambiguous, it is acknowledged that androgens have an important role. When men in the early stages of prostate growth are given anti-androgen therapy, PSA concentrations and prostate volume decrease. The promoter region of the PSA gene has two androgen-response elements located 170 and 400 bp upstream of the transcription start site (Cleutjens et al., 1996) . In-vitro studies have demonstrated expression of the PSA gene by the action of androgens and AR (Perez-Stable et al., 2000) . Despite the importance of PSA as a screen for prostate cancer, the mechanisms regulating PSA concentrations remain largely unknown. Clinical interpretation is confounded by the wide range of PSA concentrations encountered in normal men. For example, PSA ranged from 0.09 to 5.96 ng/ ml in our subjects, all of whom have no history of prostatic disease. In our study, testosterone strongly correlated with PSA concentrations only in subfertile men, suggesting that testosterone drives PSA concentrations only in conditions of relatively low testosterone. Thus, testosterone (free testosterone or total testosterone) was highly correlated (P Ͻ 0.0001) with both free PSA and total PSA in these subfertile men, with low to normal testosterone concentrations. This observation is consistent with previous studies which state that PSA and testosterone are related in conditions where testosterone concentrations are low, that is in pubertal boys (Kim et al., 1999) , in women (Escobar-Morreale et al., 1998) and in transsexual women where testosterone was administered externally (Goh, 1999) . However, no correlation between testosterone and PSA was observed in our fertile men with normal testosterone concentrations. Interestingly, administration of testosterone to healthy young males does not increase the concentrations of serum PSA (Monath et al., 1995; Cooper et al., 1998) . One possible explanation is that in a high androgenic environment, the androgen response mechanism is saturated and further increases in testosterone cannot induce additional AR activity or an increase in PSA concentrations. It is noteworthy that while the androgen dependence of the prostate gland has long been accepted, the participation of oestrogens and the effects of oestradiol/testosterone ratio on prostatic growth has recently been recognized (Farnsworth, 1999) . Nevertheless the effects of oestrogen on prostatic volume and PSA production are likely to be minor compared to androgen, since prostate volumes are reduced after long-term oestrogen therapy in male to female transsexuals (Jin et al., 1996; van Kesteren et al., 1996) .
Overall our data suggest that, firstly, PSA correlates with testosterone only in an environment of relatively low androgenicity, such as in subfertile patients; secondly, in a low androgenic environment, short CAG tracts (associated with high AR activity; see above) correlate positively with PSA concentrations. Our finding that PSA can vary with testosterone 1012 and AR CAG tract, in subfertile patients with relative hypogonadism, has implications for the screening of such men for prostatic disease. Our data would predict that a borderline high PSA concentration is more likely to indicate prostate disease in a subfertile man with low testosterone and long AR CAG tracts, compared with that in a fertile man with normal testosterone and AR CAG tracts. The utility of this paradigm has to be validated by prospective clinical trials.
